trogen species.
1) ROS contains one or more unpaired electrons in their outer orbits, causing them to be highly reactive.
2) These species are generated constantly in vivo, and can cause oxidative damage to nucleic acids, lipids, and proteins, and affect cell membrane properties. Furthermore, their accumulation may lead to the oxidative destruction of cells.
3)
Reactive oxygen species also play central roles in cardiac physiology or pathophysiology, and have been shown to injure both endothelial cells and cardiomyocytes (CMCs) via various molecular pathways. 4)5) In addition, ROS may be an important cause of atherosclerosis, ventricular hypertrophy and its related cardiomyopathy.
5)
Coronary atherosclerosis is a direct cause of ischemic heart disease and oxidative stress has been suggested as a cause of atherosclerotic plaque instability and rupture. Thus, they are believed to play an important role in the pathophysiology of acute myocardial infarction (AMI) and its related ventricular remodeling. 6) The excessive generation of ROS endogenously has been directly related with met-abolic stress, apoptosis, and necrosis in mammalian CMCs. 7)8) Ischemia and reperfusion are major causes of oxidative stress in CMCs, showing that oxidative stress provokes the damage of secondary CMCs during reperfusion therapy in AMI cases.
9)
The redox system is mainly composed of thioredoxins (TRxs), TRx reductase, thioredoxin interacting protein (TRxNip), and peroxiredoxins (PRxs).
10) Previously, we described the temporal expression patterns of the TRx system and their relations to cellular apoptosis in endothelial cells, in the hope that this would provide optimal conditions or time points for TRx system gene or protein delivery in cells and animal models to minimize TRx exhaustion under hypoxia.
11)
PRx family members are thiol-specific antioxidant proteins, and are also referred to as TRx peroxidases and alkyl-hydroperoxide-reductase-C 22 proteins. 12) These enzymes are truly ubiquitous and have been identified in yeast, plant and animal cells. PRxs exert their protective antioxidant role in cells through their peroxidase activities (ROOH+2e -→ ROH+H2O), which are responsible for the reductions and detoxification of hydrogen peroxide, peroxynitrite, and a wide range of organic hydroperoxides (ROOH).
12)13)
Six PRx isoforms have been identified in mammals. However, the temporal expression patterns and functional significances of these isoforms in cell lines found in cardiovascular tissue, especially under conditions of hydrogen peroxide induced oxidative stress, have not yet been elucidated. Therefore, we aimed to determine the temporal expression patterns of the 6 PRxs isoforms in neonatal rat cardiomyocytes (rCMCs), rat vascular smooth muscle cells (rVSMCs), and human umbilical vein endothelial cells (HUVECs) exposed to hydrogen peroxide induced oxidative stress. In addition, we also examined the functional significance of PRx1 overexpression using the lentivirus vector in rCMCs exposed to hydrogen peroxide induced oxidative stress. Changes in molecular pathways associated with cell survival and apoptosis in rCMCs exposed to the same conditions were also examined to further explore the causative relation between apoptosis reduction and PRx1 overexpression.
Materials and Methods

Preparation and culture of neonatal rat cardiomyocytes
Isolation and primary cultures of rCMCs were performed using a modified version of a previously reported protocol.
14)15) The hearts of 2 to 3 day-old rats (Sprague-Dawley, Orient Bio Inc., Seongnam, Korea) were removed and the left ventricles were collected, washed 3 times with cold ADS buffer (in 116 mM NaCl, 20 mM HEPES, 0.8 mM NaH2PO4, 5.6 mM glucose, 5.4 mM KCl, 0.8 mM MgSO4, pH 7.4), chopped finely with surgical scissors, and digested 3 times for 20 minutes with collagenase/pancreatin (0.56 mg/0.3 mg/mL). The obtained cells were collected selectively and enriched by differential centrifugation through a discontinuous Percoll (Amersham Pharmacia Biotech, Piscataway, NJ, USA) gradient with densities of 1.050, 1.062 and 1.082 g/mL.
16) The band at the 1.062/1.082 density interface was collected and used as the rCMCs source. Cells were washed and suspended in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Rockville, MD, USA) supplemented with medium 199 (M199) (Sigma-Aldrich Co., St. Louis, MO, USA), 10% horse serum, 5% fetal bovine serum (FBS), 5000 U/L of streptomycin and 5000 U/L of penicillin. rCMCs were then seeded at 5×10 5 per well on 2% gelatincoated (Sigma-Aldrich Co.) 60 mm Primarian plastic culture six-well plate dishes (BD Sciences, San Jose, CA, USA). Media changes were performed initially once daily with serum free media containing DM-EM/M199 (4 : 1). rCMCs were cultured at 37°C in 5% CO2 for 2 to 3 days before being exposed to experimental conditions. With this method, we were able to specifically select rCMCs with a negligible amount of red blood cells or fibroblasts. Purity of rCMCs was more than 98% in morphometric analysis, and immunohistochemical stating with MHC (Santa Cruz Biotechnology, Santa Cruz, CA, USA). All experiments were repeated 3 to 5 times and a total of 90 neonatal rats were used.
Preparation and culture of rat vascular smooth muscle cells
Rat vascular smooth muscle cells from the intima-media complex of thoracic aortas of 8-week-old male Sprague-Dawley rats (Orient Bio Inc.) were prepared as previously described. 16) We used 5 Sprague-Dawley rats for obtaining rVSMC and repeated this procedure at least 3 to 5 times for robustness. The cells were expanded in 60 mm Primarian plastic culture six-well plates in DMEM supplemented with 10% of FBS at 37°C in 5% CO2.
Preparation and culture of human umbilical vein endothelial cells
We used commercialized HUVECs (ATCC, Chicago, IL, USA) according to the manufacturer's protocol, and cells were obtained and processed as described previously. 17) Briefly, umbilical cords were immersed in a culture dish, both umbilical veins were cannulated, and cord ends were bound. Veins were then washed using sterile phosphate buffered saline (PBS) with 0.02% collagenase, and placed in a CO2 incubator for 10 minutes at 37°C. HUVECs were isolated in centrifugation tubes by washing vessels twice with 10 mL M199. The cell suspensions were centrifuged at 1200 rpm for 10 minutes and the supernatants were discarded. The cells were then resuspended using the EGM-2 BulletKit system (Lonza Ltd., Basel, Switzerland) in 2% gelatin-coated six-well plates. Cells were passaged until confluent, dissociated with 0.05% trypsin, and grown for 3 days in fresh medium containing M199 supplemented with 10% FBS and antibiotics using the EGM-2 BulletKit system at 37°C under 5% CO2.
Quantitation of apoptosis by fluorescence-activated cell sorting Cultured rCMCs, rVSMCs, and HUVECs were processed using the Annexin V: Phycoerythrin (PE) Apoptosis Detection kit I (BD Sciences) to assess cell membrane integrity. 7-Aminoacetinomycin D (7-AAD) (BD Sciences) was used as a marker for dying or dead cells. This technique used was based on assessments of cell membrane permeability and on the intercalation of double-stranded DNA. In brief, collected rCMCs, rVSMCs, and HUVECs were washed twice with cold PBS and then resuspended in 1X binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) at a concentration 5×10
6 cell/ mL. These mixtures were then transferred to a 5 mL culture tube and 5 μL of Annexin-V and 5 μL of 7-AAD were added. After gentle vortexing, the 3 cell lines were incubated for 10 minutes at room temperature in the dark and analyzed using a flow cytometry analysis (FACS Calibur-S, BD Sciences) equipped with an argon ion laser system using excitation and emission wavelengths of 488 and 578 nm, respectively.
Western blot analysis
To examine the expression patterns of PRx isoforms in rCMCs, rVSMCs, and HUVECs stressed by hydrogen peroxide, western blotting was performed at baseline, and at 30 and 120 minutes after adding 0.25 mM hydrogen peroxide. Harvested rCMCs, rVSMCs, and HUVECs were immersed in PRO-PREP Protein Extraction Solution (iNtRON Biotechnology, Seongnam, Korea) and incubated at 4°C for 2 hours. Extracts were then centrifuged at 4°C for 15 minutes at 12000 rpm to remove insoluble material. Bradford assays were then used to quantify protein expression.
18) Protein concentrations were determined using a dye-binding assay (Bio-Rad protein assay kit, BioRad Laboratories, Hercules, CA, USA). Equal amounts of total protein (20 μg) were diluted with sample buffer containing 100 mM dithiothreitol and heated at 98°C for 5 minutes, then subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a gel apparatus (Hoefer Scientific, San Francisco, CA, USA). Samples were subsequently transferred to polyvinylidene fluoride (PVDF) membranes, and the blots were blocked with 5% skim milk in tris-buffered saline Tween-20 (TBST) for 2 hours. Membranes were then incubated with antibodies against PRx isoforms 1-6 (Ab-FRONTIER, Seoul, Korea), Bcl-2, Bax, caspase 3, and survivin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1 : 2000 in TBST under shaking at room temperature for 1 hour. Membranes were then washed with TBST, incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1 : 2000-1 : 5000) for 1 hour, and treated with West-Zol kits (iNtRON Biotechnology) for 1 minute. Chemiluminescence was detected using a LAS-3000 (Fujifilm, Minato, Tokyo) for 10-300 seconds. Optical densities (OD)
were calculated using the MultiGauge Ver3.1 (Fujifilm) program. Experiments were repeated 5 times and the results are expressed as mean±SD OD as percentages of baseline values. Percentage changes in OD with time versus baseline were also calculated.
Lentiviral vector construction and production
HIV-based lentivirus stocks were generated by transient plasmid transfection into 293T cells as described previously. 19) PRx1 cDNA was amplified using 5'-CGCGAATTCATGTCTTCAGGAAATGCA-3' and 5'-CGCCTCGAGTCACTTCTGCTTAGAGAA-3' using Taq polymerase. The commentary DNA obtained was subcloned with the 5' end into the EcoRI and the 3' end into the XhoI restriction site at pRRL-cPPT-CMV-X-PRE-SIN containing lentivirus vector (LeV), and packaging was performed by transient transfection. The day prior to transfection, confluent 100 mm plates of 293T cells were split. pRRL-based LeVs were generated by calcium phosphate co-transfection of the transfer vector, the HIV Gap/Pol packaging construct, a Rev expression plasmid, and the VSV-G expression plasmid into 293T cells. To each 15 cm diameter dish, 23 μg transfer vector, 15 μg pMDL-g/pRRE packaging plasmid, 11.5 μg pRSV-REV, and 8 μg pCMV VSV-G envelope were added. DNA was resuspended in 450 μL 0.1×TE (1×TE=10 mM Tris pH 8.0, 1 mM EDTA), 50 μg of 2.5 M CaCl2 were added, and mixtures were incubated at room temperature for 10 minutes. The DNA/CaCl2 solution was then added dropwise to 500 μL (2X) HEPESbuffered saline under vigorous bubbling.
Once it was slightly turbid, the solution was immediately added to the cells. All transfection procedures were conducted over 16 hours, and this was followed by media replacement and virus collection for 48-72 hours. Viral supernatant from 80 plates was filtered through 0.22 μm pore filters and stored at 4°C. The virus was concentrated by ultracentrifugation for 2 hours at 25000 rpm. Virus pellets were resuspended in 1 mL phosphate-buffered saline (PBS) and stored at -80°C.
Peroxiredoxin1 gene delivery and the induction of oxidative stress with hydrogen peroxide
Rat cardiomyocytes were transfected with lentiviral vector system containing PRx1 gene (LeV-PRx1) or lentiviral vector system containing the green fluorescence protein gene (LeV-GFP) at 1.5×10
7 IU in the presence of 10 μg/mL DEAE (diethylaminoethyl cellulose) dextran. Media were changed 16 hours after infection and cells were cultured for another 48 hours. To generate oxidative stress, hydrogen peroxide (0.1 or 0.25 mM) was added to cells for 2 hours. rCMCs (3×10 5 cells) responses were compared under 3 conditions, that is, LeV-PRx1 or LeV-GFP after exposure to hydrogen peroxide and LeV-GFP not exposed to hydrogen peroxide injury.
Immunohistochemistry and the transfection efficiency of lentiviral vector system containing peroxiredoxin1 gene
To examine the transfection efficiency of LeV-PRx1 in vitro, cultured rCMCs were transfected with LeV-PRx1 and stained for PRx1. In brief, cells were cultured in 6 well chamber slides, transfected with LeV-PRx1, and compared with untransfected control cells. The media was changed 16 hours after transfection and cells were cultured for another 48 hours. Cells were then treated with 0.1 or 0.25 mM hydrogen peroxide for 2 hours, washed with PBS to remove hydrogen peroxide and the media was changed. After 48 hours, these rCMCs were fixed with 4% paraformaldehyde, washed with PBS twice for 5 minutes each and blocked with 1% horse serum for 1 hour. Cells were washed again three times with PBS, and incubated with primary antibody for anti-PRx1 (1 : 1000 in PBS, AbFRONTIER) overnight at 4°C. Cells were then rewashed twice with PBS for 5 minutes, incubated with secondary anti-rabbit Texas Red 596 nm (1 : 200 in PBS) for 1 hour, rewashed, and stained with TO-PRO-3 iodide (a nuclear stain; Invitrogen, Carlsbad, CA, USA). Cells were observed and images were acquired using Confocal Laser Scanning Microscope (Olympus BX51, Shinjuku, Tokyo, Japan).
Statistical analysis
Results are expressed as means±SDs. Statistical analysis was performed using the two-tailed Student's t-test or paired t-test using Statistical Package for the Social Sciences version 16.0 (SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant when p were <0.05.
Results
Flow cytometry analysis and the detection of neonatal cardiomyocyte, rat vascular smooth muscle cell and human umbilical vein endothelial cell apoptosis under hydrogen peroxide induced oxidative stress
Prior to the main experiment, we checked apoptotic fractions in rCMCs, rVSMCs, and HUVECs after treatment with 0.1 mM hydrogen peroxide for 2 hours. Apoptotic fractions were found to be significantly increased in rCMCs and HUVECs following treatment. Apoptotic fractions were expressed as percentages of fractions at baseline, which were set at 100%. The apoptotic fraction of rCMCs increased from 100±7.07% at baseline to 132±16.49% after hydrogen peroxide treatment (p<0.05). rVSMCs were highly resistant to hydrogen peroxide injury, and apoptotic fractions were not significantly changed compared to the baseline (100±10.49% to 105±14.6%). On the other hand, HUVECs were highly susceptible to hydrogen peroxide, and the apoptotic fraction increased to 360.72±35.35% (p< 0.05) (Fig. 1) . 34.51%) but PRx 2, 3, 4, and 6 were not changed significantly until 120 minutes after the addition of hydrogen peroxide (Fig. 2) .
Conformation of gene expression after lentiviral vector system containing the green fluorescence protein gene transfection into neonatal cardiomyocytes
Rat cardiomyocytes (3×10
5
) were transfected with LeV-GFP for 16 hours at a multiplicity of infection of 1.5×10
7 IU. To determine the transfection efficiency achieved using LeV-GFP, we confirmed GFP expression in rCMCs after transfection by fluorescence microscopy. More than 80% of cells were shown to express GFP (Fig. 3) . (Fig. 4) . These results suggest that PRx1 overexpression protected rCMCs from hydrogen peroxide-induced apoptosis.
Apoptosis fraction measurements after transfecting neonatal
The expression pattern of peroxiredoxin1 in neonatal cardiomyocytes transfected with lentiviral vector system containing peroxiredoxin1 gene in hydrogen peroxide induced oxidative stress Peroxiredoxin 1 expression was significantly higher in rCMCs/LeVPRx1 (rCMCs transfected with LeV-PRx1) not treated with hydro- vs. 161.01±19.3%, p<0.05) (Fig. 5) . Furthermore, rCMCs/LeV-PRx1 expressed significantly more PRx1 than rCMCs/LeV-GFP after treatment with hydrogen peroxide (Fig. 6) .
The upregulation of anti-apoptotic survival signals in neonatal cardiomyocytes transfected with lentiviral vector system containing peroxiredoxin1 gene
The expression of caspase 3 was lower in rCMCs/LeV-PRx1 treated with hydrogen peroxide than in rCMCs/LeV-GFP treated with hydrogen peroxide (94.3±13.72% vs. 132.3±22.36%, p<0.05), but the expression of survivin was higher in rCMCs/LeV-PRx1 treated with hydrogen peroxide than in rCMCs/LeV-GFP treated with hydrogen peroxide (116.15±21.58% vs. 78.08±15.81%, p<0.05) (Fig. 7) . Bax/ Bcl-2 ratio (a marker of apoptosis/survival) concurred with the above results, and was lower in rCMCs/LeV-PRx1 treated with hydrogen peroxide than in rCMCs/LeV-GFP treated with hydrogen peroxide (68.1±6.67% vs. 172.6±60%, p<0.05) (Fig. 8) . These results show that PRx1 overexpression has a protective effect against hydrogen peroxide related apoptosis in rCMCs.
Discussion
Peroxiredoxin is a member of the peroxidase family, and has been shown to be related to cell proliferation, differentiation, and apoptosis in mammalian cells. malian PRxs are 20-30 kd in size and vary in terms of their subcellular localizations. PRx 1, 2, 4, and 6 are found in the cytosol, PRx3 in mitochondria, whereas PRx5 has a complicated distribution, and is found in peroxisomes, mitochondria, and the cytosol. can lead to apoptotic cell death and ROS may also have direct effects on cellular structure and function, including myocardial remodeling and failure. 22)23) Under physiological conditions, the toxic effects of ROS can be prevented by scavenging enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GHPx), and catalase, and by non-enzymatic antioxidants. However, when the production of ROS is high, oxidative stress can have harmful effects on the functional and structural integrity of the heart.
23)
In our experiments, the expression patterns of the 6 PRx isoforms were found to be distinct in rCMCs, rVSMCs and HUVCEs. Hydrogen peroxide significantly and time dependently increased rCMC and HUVEC apoptosis in 2 hours as seen by the FACS results. HUVECs were found to be most susceptible to hydrogen peroxide induced injury, and apoptosis increased to 360.72±35.35% compared with the baseline. On the other hand, rCMCs showed a 132±16.49% increase in apoptosis after 2 hours of treatment, but, rVSMCs were found to be highly resistant to hydrogen peroxide. In rCMCs, the expression of PRx1 and 6 showed a continual increase at 30 and 120 minutes, whereas the expression of PRx 2 and 3 was downregulated at 120 minutes. The expression of PRx 5 was elevated at 30 minutes but slightly lower than baseline at 120 minutes. In rVSMCs, the expression of all 6 isoforms of PRx was generally elevated after treatment, particularly the expression of PRx 2, 4, and 5. The expression of PRx in HUVECs only slightly changed compared to that observed in rCMCs and rVSMCs. The three cell types appeared to have unique PRx expression patterns in the presence of excessive hydrogen peroxide, although apoptosis and PRx expression patterns generally appeared to be inversely related. rVSMCs were most resistant to hydrogen peroxide in terms of apoptosis, and this resistance may be attributed to elevated and constant PRx isoform expression. On the other hand, HUVECs expressed PRx isoforms at low levels and were highly susceptible to hydrogen peroxide related cellular apoptosis.
Cytosolic PRx1 is a ubiquitously expressed PRx isoform that is the most abundant in mammalian cells. PRx1 has been associated with various cellular functions apparently unrelated to peroxidase activity. For example, it has been independently identified in a Ras-transformed human mammary epithelial cell line after serum stimulation, in a human erythroleukemic cell line, in which it enhanced the activities of natural killer cells, and in stress-stimulated mouse peritoneal macrophages.
28) According to our results, PRx1 expression increased with time after hydrogen peroxide treatment, especially in rCMCs. Therefore, we selected PRx1 as a gene delivery candidate to rescue rCMCs from oxidative stress induced apoptosis, which was in line with previous suggestions concerning the importance of PRx1 in oxidatively stressed cells.
26-28)
Peroxiredoxin 1 expression in rCMCs was significantly increased by rCMCs/LeV-PRx1 in the absence of hydrogen peroxide and PRx1 was more upregulated in rCMCs/LeV-PRx1 than in rCMCs/LeV-GFP treated with hydrogen peroxide. PRx1 overexpression protected rCMCs against oxidative stress-induced apoptosis and cell death by hydrogen peroxide.
13) Furthermore, PRx1 transfected rCMCs treated with hydrogen peroxide were found to have a significantly lower apoptotic cell fraction than rCMCs/LeV-GFP, and this was found to be closely related to the upregulation of the anti-apoptotic proteins Bcl-2 and survivin, as well as to the downregulation of the pro-apoptotic proteins Bax and caspase 3. In addition, consistent with our findings in a previous study, the overexpression of PRx1 was found to protect thyroid cells from hydrogen peroxide-induced apoptosis, which was also found to be associated with Bax downregulation.
13)
Antioxidative systems are highly complex networks, which make the direct and real time measurements of levels of antioxidative molecules under oxidative stress almost impossible, because they have short biologic half-lives, are highly volatile, and are vulnerable to other cellular proteins. In the present study, our PRx1 overexpression model effectively reduced hydrogen peroxide related rCMCs apoptosis. To determine the mechanism involved, further study is required to elucidate the interactions between PRx, TRx, TRX reductase, and TRxNip under oxidative stress. Furthermore, a PRx1 knock-down study using a suitable chemical inhibitor or siRNA is required to validate and support our results. These constitute limitations of the present study, as our results do not enable us to comment on the effects of ischemia-reperfusion or oxidative stress in vivo. Also, we were not able to assess the existence of cellular necrosis in hydrogen peroxide-induced oxidative stress. However, apoptosis and its reverse are more important than necrosis in damaged myocardial tissue. Therefore, our apoptosis focus may be justified. More detailed analyses focused on changes in necrosis patterns with PRx gene delivery are also required.
Up to now, there is no clinical study on PRx delivery or overexpression. However, there are a few clinical studies ongoing on TRx inhibitor, especially in the oncology field. Compared to TRx research, PRx studies are not abundant and very limited. Because of the similar action and molecular relation of these two proteins, we surmise that Prx can also be an alternative candidate of human application for myocardial ischemia or oncologic disease. Protein delivery of PRx with regards to thromolysis or emergent coronary intervention for AMI to relieve oxidative damage related to ischemiareperfusion injury will be helpful.
In summary, PRx1 expression was found to be significantly increased by hydrogen peroxide in rCMCs, and PRx1 overexpression was found to protect rCMCs against oxidative stress-induced apoptosis and cell death by hydrogen peroxide. We conclude that PRx provides an effective target for new drug development aimed at reducing rCMC apoptosis in ischemia-reperfusion situations.
